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ABSTRACT 
Structural adhesive joints involving Selective Laser Melting (SLM) titanium bonded 
to titanium or to a composite material have significant potential for weight and cost saving in 
aerospace and other industries. However, the bonding potential of as-manufactured SLM 
titanium is largely unknown, and the use of hierarchical surface features has not been 
adequately explored or characterised. Here we demonstrate that using SLM a hierarchy of 
two surface features at different length scales can improve the fracture toughness of metal-
metal and metal-composite bonded joints. At one length scale, we found that the intrinsic 
irregular roughness of the SLM surface maximises the bonding potential for both metal-metal 
adhesive joints and hybrid metal-composite co-cured joints. We then combined this with 
surface features at a larger length scale. For metal-composite joints, the use of groove surface 
features was found to deflect the crack path, which increased the fracture toughness of the 
joint by as much as 50% for outward protruding grooves. We identified the rise in fracture 
toughness as due to an increase in the crack path length and a shift from pure mode I to 
mixed-mode crack growth, and the relative contributions of these factors were characterised. 
This work demonstrates that SLM-manufactured titanium can have significant advantages 
over conventional titanium for bonded joints. In comparison with conventional techniques, 
SLM surfaces can be used in adhesive bonds without the need for expensive and time-
consuming surface preparation, and the design freedom allows for surface features that can 
significantly improve performance. 
Keywords: SLM, hierarchical surface feature, fracture toughness, finite element analysis 
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1. Introduction 
The use of composite materials, and especially carbon fibre-reinforced polymer (CFRP) 
composites, is increasing rapidly in a range of industry sectors such as aerospace, marine and 
oil and gas (1, 2). Integrating composite materials with metal alloys can achieve hybrid 
structures with higher strength-to-weight ratio, longer inspection cycles and hence lower 
maintenance costs for modern light weight structures. However, the connections between 
dissimilar materials are problematic due to stress concentrations, mismatch in thermal 
expansion and resulting fatigue issues (3, 4). One common joining method for hybrid 
structures is adhesive bonding, which requires surface treatments (e.g. thermal, chemical, 
mechanical, laser or plasma) to ensure high strength and durability. These processes are 
lengthy and costly, particularly for titanium alloys.  
Recently, additive manufacturing technology such as Selective Laser Melting (SLM) has seen 
increased application due to the enhanced design freedom and speed of manufacture. The 
surface topology created by the SLM process is unique due to the features of partially melted 
powder particles and results in an inherent irregular roughness of 10 µm to 15 µm. This 
roughness is larger than that achieved by advanced surface treatment methods, such as grit-
blasting, anodising and chemical etching for machined titanium surfaces (1 µm to 6 µm) (1-
4). Although the surface roughness value is higher, the overall topology of SLM 
manufactured titanium surface is remarkably similar to machined titanium surfaces that have 
undergone an advanced surface treatment process. Experimental investigations from literature 
had shown that surface topology resulted from surface treatment is the key factor that dictates 
bond performance, while surface roughness has little correlation with adhesion properties (1, 
2, 5, 6). It is therefore postulated that SLM component surfaces can be readily used for 
adhesion application with minimal additional treatments. However, to the authors’ 
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knowledge, no experimental studies have been reported in literature on bonding potential of 
SLM surfaces in metal-metal or metal-composite joints 
Furthermore, various forms of repeating surface features on the “macro” scale (100 m to 
200 m, so at least an order of magnitude greater than typical surface roughness) can be 
introduced on an adherend to improve joint performance. Numerical studies performed by Li 
et al. (7), Zavattieri et al. (8), Zhao et al. (9) and Zheng et al. (10) showed that the joint 
fracture toughness and strength can be increased by deflecting a straight crack path through 
interfering features. This is a bio-inspired concept, where biological materials incorporate 
hierarchical toughening features at different length scales, for example on lotus leaves or 
mosquito legs (10). However, the only repeating macro surface features that have to date 
been experimentally studied are carved out grooves (height 100 µm) on aluminium or steel 
substrates using milling techniques (11-14), and no experimental studies have been published 
that use SLM manufactured metal adherends. The exact mechanisms driving any increase 
joint fracture toughness have not been characterised. Furthermore, contradictory findings 
regarding the effect of surface features were presented in experimental studies. Features on 
metal adherends were reported to increase adhesion strength by 20% when bonded to 
composite material (12, 13), though when bonded to another metal adherend, no effect was 
reported (11). Clearly, further studies are critical to fully understand the effect of macro 
features on adhesion properties of metal-metal and metal-composite bonded joints, and 
explore the design freedom of SLM technology to investigate surface features that have not 
been previously studied. 
This study investigates the adhesion properties of SLM manufactured titanium alloy (Ti-6Al-
4V) surfaces. Two levels of surface features are investigated: (1) “micro” features from the 
inherent roughness of the SLM manufactured surface and (2) “macro” features in the form of 
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repeating grooves or dimples in and out of the metal adherend surface. These surface features 
operate at different length scales, hence resulting in a hierarchical joint design. Experimental 
mode I static fracture toughness tests are performed to investigate the effect on fracture 
toughness and adhesion behaviour. The SLM titanium substrate is bonded to: 1) another SLM 
titanium substrate using film adhesive; 2) a CFRP carbon/epoxy composite material by co-
curing. A non-linear finite element (FE) numerical model is used to characterise the 
mechanisms for improved fracture toughness in the hybrid metal-composite joint with 
repeating surface features.  
2.  Experimental and Modelling Methodology 
2.1.  SLM Manufacture 
Titanium adherends were manufactured within a build chamber of 250 mm   250 mm   350 
mm (SLM250HL, SLM Solutions, Germany). Prior to printing, the chamber was filled with 
Argon gas to avoid oxidation of the component during the manufacturing process. The 
platform was pre-heated to 200°C to minimise build-up of residual stresses during 
manufacturing.  The adherends were printed with a layer thickness of 30 m using a YLR-
Fibre-Laser at 175 W. The process parameters are listed in Table 1. With these parameters, 
the SLM process is able to produce titanium parts with a low porosity level of less than 0.3% 
(15) and an average surface roughness (Ra) of 12 μm (Alicona IF-EdgeMaster profilometer). 
Table 1: SLM process parameters 
Laser 
Power 
Layer 
Thicknes
s 
Scan 
Speed 
Energy 
Density 
Hatch 
Type 
Hatch 
Spacing 
Spot Size Chamber 
Temp 
175 W 30 μm 
710 
mm/s 
68.5 
J/mm3 
Checker-
board 
120 μm 80 μm 200°C 
 
To avoid residual stresses and resulting plastic deformation of the specimens, the long slender 
titanium adherends of 140 mm   25 mm   2.5 mm were built vertically on the build 
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platform. The adherends were built with inclination of 10° from the vertical axis to minimise 
distortion of the extruding surface features.  
2.2. Joint manufacture and test method 
The dimensions of the Double Cantilever Beam (DCB) mode I crack growth specimens are 
shown in Error! Reference source not found.a. The titanium adherends were joined to 
either another titanium adherend using FM300-2K film adhesive (Cytec Industries Inc.) or 
through co-curing to a composite laminate made from T700 carbon/epoxy unidirectional 
prepreg plies (VTM264, Advanced Composites Group). Both curing processes took place in 
the autoclave according to manufacturer recommendations for the film adhesive (120°C, 275 
kPa, 1.5 hour) and composite material (120°C, 620 kPa, 1 hour). To define the pre-crack, a 
Teflon insert was included along the interface with a length of 55 mm. The aluminium 
loading tabs are adhesively bonded to both sides of the adherends.  
For the Ti-CFRP hybrid joint, the dissimilar bending stiffness of the two adherend materials 
was considered. Eq. (1) was used to determine the thickness of the composite adherend that 
would match the bending stiffness of the metal adherend as closely as possible given the ply-
based nature of the composite:  
       √
   
     
 
 
     Equation 1 
 
where t is the total adherend thickness and E is the elastic modulus in the specimen 
longitudinal direction of the composite (CFRP) or metal (Ti) adherend. The composite 
material used a 0° lay-up with a stiffness of E = 120 GPa. Using material properties from 
Table 2 and Eq. (1), the thickness of the CFRP adherend can be determined to be 2.45 mm. 
Based on this, 11 plies of 0.21 mm thickness were used to construct the CFRP adherend. 
However, due to resin bleeding during the curing process, the thickness of the composite was 
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found to consistently reduce to an average of 2.1 mm for all specimens. As this study 
focusing on characterising the effect of macro and micro features, the change in bending 
stiffness does not affect the overall results. This as-manufactured thickness was also taken 
into account in the numerical modelling.  
In Table 2: E and G are elastic and shear modulus; ν is Poisson ratio; subscripts 1,2,3 are 
directions in a ply-based coordinate system of fibre, in-plane transverse and out-of-plane 
transverse; XT, ZT and S12 are in-plane tension, out-of-plane tension and in-plane shear 
strength; t is thickness of the composite ply or adhesive film; and Gc is fracture toughness in 
mode I and II crack growth. 
The Mode I interlaminar fracture toughness (GIc) was determined by applying a 
monotonically increasing opening displacement at a rate of 2 mm/min to the pre-cracked end 
of the DCB specimen. The crack length was measured as a function of applied load using a 
travelling optical microscope. The Mode I interlaminar fracture toughness was calculated 
using modified beam theory (18) : 
    
   
  (    )
 Equation 2 
 
where P is the applied load,   is the opening displacement, b is the specimen width, a is the 
crack length and    is a correction factor determined from test compliance. The opening 
displacement is considered to be equivalent to the applied displacement as the machine 
compliance was found to be 0.0007 mm/N, which is small enough to be neglected. 
 The macro features investigated are shown in Error! Reference source not found.b. 
“Dimples” were hemi-spherical features, whereas “Grooves” were semi-cylindrical features 
that extended across the specimen width. Four different surface configurations were 
investigated, involving one dimple and groove geometry (diameter) in both an “inward” 
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(removed from metal adherend surface) and “outward” (protruding from metal adherend 
surface) configuration. These were compared to “plain” specimens with no macro surface 
features. The out-of-plane height for each surface feature was 200 µm, which is in the order 
of one composite ply thickness and considered the maximum value to avoid excessive 
distortion/thickening of the composite adherend. It is also a significantly different length 
scale compared to the inherent surface roughness of the SLM components.  
2.3. Finite Element model 
Two-dimensional (plane strain) non-linear finite element models in Abaqus/Standard 6.12 
were developed to characterise the effect of surface features on the adhesion behaviour of the 
metal-metal and metal-composite joints. Plain and inward grooved specimens were modelled 
for the metal-metal joint while plain and outward grooved specimens were modelled for the 
metal-composite joint. The key aspects of the FE model are summarised in Error! Reference 
source not found.. For all FE models, the cross-section closely followed the measured 
geometry of the experimental test specimens. The loading tabs were coupled with the 
adherends in all degrees of freedom and pulled apart using displacement control. The 
adherends were meshed with 4 nodes plane strain elements (CPE4) (19) and their material 
properties are shown in Error! Reference source not found..  
The crack path was modelled using cohesive elements, which allowed for progressive crack 
growth along the crack path to be captured. The typical length of all interface cohesive 
elements along a crack path was kept consistently at 0.065 mm and the penalty stiffness K 
was determined using (20) 
   
  
 
   Equation 3 
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where E3 is the adherend transverse elastic modulus, t is the adhrend thickness, and   is a 
parameter used to set the penalty stiffness. A   value of 10 was found to provide a reasonable 
penalty stiffness, which is large enough for an interface stiffness and small enough to reduce 
the risk of numerical problems such as spurious oscillations of the tractions in an element 
(20). For the metal-metal joints, the crack path was embedded in the middle of the adhesive 
for both plain and inward grooved specimens (see Error! Reference source not found.b and 
Error! Reference source not found.c). The mechanical properties of the FM300-2K film 
adhesive are presented in Error! Reference source not found.. The total number of nodes 
for the metal-metal numerical analysis was approximately 94,000. 
For the plain metal-composite joint, a fibre bridging region was modelled and the straight 
crack path was offset 0.1 mm from the interface of the two adherends as illustrated in Error! 
Reference source not found.d. For the outward grooved metal-composite joint, the grooves 
and resin-rich areas around the surface features were modelled. The level of ply waviness 
assumed to occur in the through-thickness direction was found to affect the overall bending 
stiffness of the composite adherend, which was reflected in the initial stiffness of the test. A 
waviness of approximately three plies was found to give comparable compliance between the 
FE model and experimental data and reflects the amount of waviness observed in cross-
sectional micrographs of the test specimens. The ply waviness around the groove was 
assumed to take the form of a cubic function and was assumed to reduce linearly from a 
maximum at the groove to zero at the third ply from the groove. For the remaining nine plies, 
the plies were assumed to be straight and without waviness. A similar process for 
determining suitable model geometry has been successfully demonstrated for similar features 
in previous studies (21). 
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For the outward grooved metal-composite joints, it was not possible to accurately identify the 
path that the crack followed during propagation due to the occurrence of fibre bridging. 
Therefore, four different crack paths were investigated, as shown in Error! Reference 
source not found.f. Crack path 1 was at the interface of the resin pocket and composite ply. 
Crack path 2 was through the middle region of the resin pocket. Crack path 3 was within the 
resin pocket but close to the metal adherend groove. Crack path 4 was at the interface of the 
resin pocket and the groove. In comparison with the plain specimen, the overall increase in 
crack length of crack paths 1, 2, 3 and 4 is 11%, 13%, 16% and 19%, respectively.  
3. Results and Discussion 
3.1. Metal-Metal Joints 
Error! Reference source not found. shows the load versus applied displacement graphs and 
resulting fracture toughness versus crack length (so-called “R curve”) for the metal-metal 
joints. All specimens show a similar trend in terms of the adhesion behaviour. Essentially, the 
opening load increases linearly with opening displacement until the fracture toughness is 
reached at the crack tip and crack growth is initiated. Following this, steady-state crack 
growth is seen with mainly constant fracture toughness and corresponding reduction in the 
specimen load. This behaviour is consistent with brittle fracture. The average fracture 
toughness and standard deviations were recorded based on at least five individual 
measurements of fracture toughness in the steady-state regime of two test specimens of the 
same test configuration. The experimental fracture toughness values are summarised in 
Error! Reference source not found., which also includes comparative data from Brack and 
Rider (22) for industry-relevant current practice with conventional machined titanium and 
surface treatment.   
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In terms of crack path, all joints failed cohesively in the middle of the adhesive layers. This is 
consistent with the observation of brittle fracture, which would be expected for fracture 
within the adhesive. The crack path was along the tight-knit carrier cloth that is manufactured 
within the film adhesive to control the bondline thickness (see Error! Reference source not 
found.). The carrier cloth did not deflect around the surface features due to its thickness. 
Based on this observation, the macro features were not effective at deflecting the crack path 
for the metal-metal-joint. 
In terms of fracture toughness, the values are statistically similar for all specimens and range 
between 1.2 kJ/m
2
 to 1.4 kJ/m
2
. This agrees with the observation that the macro features did 
not affect the crack path or cause the crack to deflect. This finding is similar to results 
reported by Da Silva et al. (11), which indicated that macro surface features had no 
noticeable effect on the shear strength of a single lap joint, but that shear strength was instead 
sensitive to the level of micro-surface roughness created by the chemical etching process.  
As expected for cohesive fracture, the fracture toughness is close or equal to the mode I 
fracture toughness of 1.3 kJ/m
2
 for FM300-2K film adhesive (17, 23). This demonstrates that 
the inherent roughness of the SLM part maximises the adhesive potential of the surface. The 
high bonding ability of SLM titanium is attributed to its surface topology as shown in Error! 
Reference source not found.a. This surface consists of a large amount of partially melted 
particles (40 µm to 45 µm) attaching to the surface due to the thermal dissipation of the 
molten pool at the building focal point shown in Error! Reference source not found.b. 
Shown in the roughness profile in Error! Reference source not found.c, the uniform 
distribution of ridges between these partially melted particles increases the surface energy of 
SLM surface. This is indicated by a low contact angle of 43° in a sessile water drop test 
performed by Vaithilingam et al. (24) for an SLM surface as compared to the high contact 
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angle of 85
o
 for machined titanium surface performed by Elias (25). Low contact angle 
indicates good wettability thus allowing intimate contact at the interface between SLM 
surface and the adhesive. Moreover, the uniform distribution of ridges also provides a 
mechanical interlocking mechanism to further reinforce the interface between the SLM 
surface and the adhesive. Subsequently, the interfacial strength is superior to the adhesive 
strength leading to the cohesive failure seen for all specimens. 
The fracture toughness of the metal-metal SLM joints is compared in Error! Reference 
source not found. with results from machined Ti-Ti joints treated with grit-blasting and 
silane coating as reported by Brack and Rider (22). There is no statistical difference between 
the results for the two different types of titanium. This demonstrates that the inherent micro 
surface features of the SLM surface are as effective in maximising the bonding potential as 
industry-practice advanced surface treatments for machined titanium. 
Numerical analysis was used to further investigate and support the experimental observations. 
A straight crack path in the mid-plane of the adhesive was simulated for the plain and inward 
grooved specimen. For the brittle fracture mechanism of the adhesive, a linear softening law 
can accurately describe the energy release process. The corresponding strength and fracture 
toughness cohesive law parameters were based on the manufacturer data while the penalty 
stiffness was calculated using the aforementioned Equation 3. As pure mode I crack growth 
was seen throughout all experiments, mixed-mode parameters were not considered for this 
analysis. The values are summarised in Error! Reference source not found.. 
As shown in Error! Reference source not found., the numerical results for the plain and 
inward grooved configurations demonstrate similar adhesion behaviour to the experimental 
data. This demonstrates the suitability of the numerical modelling strategy, including the 
material properties used. Further, this also provides confirmation that the macro features had 
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no significant influence on the adhesion behaviour, which was driven by the straight crack 
path for all configurations. 
3.2. Metal-Composite Joints 
Plain specimens 
Load-displacement and R-curve results for plain metal-composite joints are shown in Error! 
Reference source not found., with results for relevant metal-metal joints also included. 
These results illustrate a significant difference in adhesion behaviour between metal-metal 
and metal-composite joints. For metal-metal joints, failure occurred within the adhesive film 
and resulted in brittle fracture and roughly constant fracture toughness. In contrast, for metal-
composite joints, the R-curve shows increasing crack growth resistance with crack length. 
The initiation of crack growth also occurs at significantly lower load. The fracture toughness 
and R-curve behaviour is in fact very similar to composite-composite joints using the same 
composite material system (VTM264) and specimen configuration (DCB) as studied by 
Donough et al. (17) and Pingkarawat and Mouritz (27). 
Post-fracture surface analysis indicated that a layer approximately 0.1 mm thick of CFRP 
composite stayed attached to the titanium adherend. The inherent micro surface topology of 
the SLM titanium adherend creates a strong interface between the SLM surface and the 
adjacent bonding material. The appearance of composite material on the adherend surface 
suggests that the interface has higher strength than the interlaminar strength of the composite. 
As such, the crack immediately deflected into the adjacent composite material as shown in 
Error! Reference source not found., which explains the similar fracture characteristics of 
theses metal-composite joints with composite-composite joints in literature. Due to crack 
propagation within the composite material, a significant degree of fibre bridging is formed 
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behind the crack front as indicated in Error! Reference source not found., resulting in the 
observed increase in fracture toughness with longer crack lengths.  
The crack growth behaviour of the hybrid joint can be separated into three distinct stages of 
crack initiation, fibre bridging and steady-state crack propagation. Each of these stages 
correlates with the non-linearity location indicated on the load versus displacement curve and 
crack growth resistance curves in Error! Reference source not found.. The “Crack 
Initiation” point on the R-curve correlates with the “Stiffness Reduction” point indicated on 
the load versus displacement curve. At this point, the crack initiated in the resin-rich layer at 
the crack tip which is immediately followed by the fibre bridging mechanism. This fibre 
bridging mechanism continues to raise the opening load and in turn fracture toughness until 
maximum load is reached as indicated by the “Maximum Load” point on Error! Reference 
source not found.a. Following this, the opening load reduces with opening displacement and 
the R-curve in Error! Reference source not found.b reaches steady-state crack propagation. 
These multiple fracture mechanisms can be simulated in the numerical model by adopting a 
superposition procedure of two cohesive elements at the same location, which is an approach 
introduced by Dávila et al. (28) and applied by Heidari-Rarani et al. (29). Error! Reference 
source not found.a illustrates the superposition of two different cohesive laws to obtain a 
new softening law for the simulation of multiple damage mechanisms. Essentially, the first 
cohesive element with high strength and low toughness is used to represent the resin fracture 
at the crack front while the second cohesive element with low strength and high toughness is 
used to represent the fibre bridging mechanism. 
The linear resin softening law is defined by penalty stiffness , maximum strength,   and 
critical energy release rate,   . It was found that the fracture toughness parameter    dictated 
the location of the initial “Stiffness Reduction” point on the load-displacement curve 
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indicated in Error! Reference source not found.a and “Crack Initiation” on the R-curve as 
shown in Error! Reference source not found.b. On the other hand, the strength parameter   
and the penalty stiffness   of the resin fracture cohesive element were found to not 
significantly affect the load versus displacement curve or the R-curve behaviour.  
For fibre bridging, an exponential traction-displacement law as described by Feih et al. (30) is 
generally better suited than a linear law. The exponential softening law is defined by the 
penalty stiffness , maximum traction  , opening displacement   and exponent . It was 
found that the traction parameter    dictated the fibre bridging slope as well as the 
delamination length at which steady-state crack propagation occurred on the R-curve in  
Error! Reference source not found.b. The strength value of 2.3 MPa was found to provide 
accurate predictions of the bridging slope and the location at which steady-state crack growth 
occurs. The value of maximum bridging displacement was determined directly from the load-
displacement curve at the point where “Maximum Load” occurred (6.6 mm) and an exponent 
value of  =16 was used for the best fit to the experimental data. A graphical representation 
of both cohesive laws is presented in Error! Reference source not found.b and Error! 
Reference source not found.c, and a summary of the corresponding cohesive law parameters 
is given in Error! Reference source not found..  
To account for any mode mixty effect present within the numerical model, Power Law 
mixed-mode energy response was specified for both of the cohesive elements. The 
dependency of the fracture energy on mode mixity is defined as: 
{
  
  
 }
 
 {
   
   
 }
 
   
Where   
  and    
  correspond to the critical fracture energy required to cause failure in the 
normal and shear direction respectively. The mixed-mode ratio   is specified to be 1.21 
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which was previously verified by Pinho et al. (31) as sufficient to accurately present mixed-
mode data for most carbon fibre composites. 
The evolution of damage during the crack propagation process is defined by a scalar variable 
D. The cohesive element completely loses its rigidity when D is equal to 1. For the resin 
fracture cohesive element, the damage evolution has a linear shape and is described by 
equation 4. On the other hand, the fibre bridging cohesive element is defined with a damage 
evolution of exponential shape influenced by a non-dimensional parameter   as described in 
equation 5 (19). 
                
  
 (  
      
 )
  
   (      
 )
 Equation 4 
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 Equation 5 
 
The results of the numerical model are compared to the experimental results in Error! 
Reference source not found.. The numerical model accurately captures the points at which 
non-linearity in stiffness and fracture toughness occurred. Furthermore, the numerical model 
can be used to determine the resin fracture toughness at crack initiation, which was not 
possible to determine experimentally as the crack initiated too quickly. The value of around 
190 J/m
2
 is in good agreement with Sørensen and Jacobsen (32) mode I crack initiation 
values for toughened epoxy resins. The contribution of fibre bridging to the fracture 
toughness is shown to be significant and much larger than the fracture toughness at crack 
initiation. The fibre bridging zone is fully developed once the crack front has opened by 6.6 
mm, which corresponds to a crack length of roughly 25 mm. 
Specimens with surface features 
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The overall adhesion behaviour of metal-composite joints with macro surface features was 
similar to plain metal-composite joints, in terms of the load-displacement and R-curve 
behaviour, and the cracking within the composite adherend. However, the maximum load and 
the steady-state fracture toughness were found to be dependent on the macro surface features 
as shown in Error! Reference source not found..  
Both inward and outward dimpled configurations did not show any visible effect on the 
maximum opening load and steady-state fracture toughness as compared to the plain 
specimen. This was due to the crack path remaining largely straight, despite the macro 
features. On the other hand, significant differences were observed for the inward and outward 
grooved configurations. These specimens reached a higher maximum load of up to 160 N for 
the outward grooved case and 141 N for the “inward grooved’ case (compared to a maximum 
of 130 N for the other configurations). This correlates with an increase in steady-state 
fracture toughness of almost 50% for the outward grooved specimen and 23% for the inward 
grooved specimen relative to the plain specimen. The fracture toughness in Error! 
Reference source not found. indicates that the outward grooved feature was more effective 
than the inward grooved feature. This is related to the fact that the outward groove acts as a 
male mould for the plies and allows them to conform better to the groove shape, which leads 
to a crack path with higher fracture toughness. Overall, the rise in fracture toughness of the 
grooved specimens demonstrates that selected macro surface features can be effective at 
enhancing the adhesion properties for hybrid metal-composite joints.   
The numerical model was used to investigate the effect of the crack path, focusing on the 
outward grooved feature and the four crack paths illustrated in Error! Reference source not 
found.f. The cohesive law parameters previously calibrated for composite fracture with fibre 
bridging (Error! Reference source not found.) were used. The results for load-displacement 
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and R-curve are shown in Error! Reference source not found. in comparison with 
experimental results. Experimental results from two repeats of the same specimen 
configuration are shown, to demonstrate the typical spread of results. The results show firstly 
that the maximum load and fracture toughness both increase as the crack path more closely 
follows the groove feature. This supports the experimental observation that the high fracture 
toughness of the outward grooved specimens is due to the plies, and hence the crack path, 
closely following the feature. The results in Error! Reference source not found. also show 
that the crack paths at the composite-resin pocket interface (1) and within the resin pocket but 
close to the feature (3) provide a suitable bound for the experimental results, and the crack 
path in the middle of the resin pocket (2) provides results representative of the experimental 
average. On the other hand the crack path along the interface of the resin pocket and metal 
feature does not provide a suitable representation as both the maximum load and fracture 
toughness are higher than the experimental results. 
A more in-depth numerical investigation was conducted to characterise the factors 
contributing to the increase in fracture toughness doe to the crack deflection caused by the 
macro features. This focused on the outward grooved feature. It was found that there are two 
key factors that contribute to the fracture toughness increase from crack deflection. The first 
is an increase in the crack path length compared to the straight path, where forcing the crack 
to follow a longer path increases the work required to propagate the crack through the joint 
and requires more work for the same effective crack length (measured along the straight 
path). The second factor is the change from pure mode I to mixed-mode crack growth as the 
crack moves away from the straight path (perpendicular to applied load), where the material 
resistance to crack growth in shear and hence in mixed-mode crack growth is higher. The 
previous analysis quantified the effect of combining both factors (referred to here as the 
“combined analysis”). To quantify the effect of only the change in crack length, the analysis 
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was re-run with the mode II parameters set to mode I values (or “crack length analysis”). To 
quantify the effect of the change to mixed-mode crack growth, the crack length analysis 
results were subtracted from the combined analysis results. Error! Reference source not 
found. shows the comparison in adhesion behaviour using the combined analysis and crack 
length analysis for crack path 2 (in the middle of the resin pocket). Error! Reference source 
not found. displays the contribution of each contributing factor toward the steady-state 
fracture toughness for all crack paths. 
Considering the results for crack path 2 (middle of the resin pocket) as typical of the average 
experimental result, the results in Error! Reference source not found. and Error! 
Reference source not found. show a roughly equal contribution of the crack length and 
mixed-mode effect in increasing the maximum load and fracture toughness. Relative to the 
plain joint, the 37% increase in fracture toughness consists of a 15% increase from the crack 
length effect and a 21% increase from the mixed-mode effect. Similarly, the crack length 
effect increases the maximum load by 6.5% whilst the mixed-mode effect increases the 
maximum load by a further 14%. The results in Error! Reference source not found. also 
show that the relative contribution of the two factors changes with the crack path. As the 
crack path more closely follows the groove, the contribution of the mixed-mode effect 
becomes more dominant. This is because the shear mode component increases as a result of a 
more sharply deflected crack, that is, a crack that becomes more vertical (or aligned with the 
load direction) for more of the crack path. Within the envelope of crack paths that correspond 
to experimental behaviour, the mixed-mode effect varies from being equal to the crack length 
effect for a crack path along the ply boundary (crack path 1), to making twice the 
contribution for a crack path in the resin pocket close to the feature (crack path 3). 
4.  Conclusion 
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An investigation into the fracture toughness and adhesion behaviour of SLM manufactured 
titanium alloy surfaces in metal-metal and hybrid metal-composite joints was performed 
using mode I fracture toughness tests. The fracture toughness of an SLM titanium surface 
without any additional surface treatment was at least as good as that of a machined titanium 
surface with time-consuming grit-blasting and silane surface treatment. This result confirmed 
that the as-built surface characteristics of SLM components are able to provide an increased 
contact area and mechanical interlocking between adhesive and adherend, which in turn 
maximises the adhesion potential of the adhesive. Furthermore, when the SLM surface is co-
cured with a composite material, the crack front is deflected into the composite material 
(around the interface of the first and second ply), which emphasises that the interface strength 
of the hybrid structure is higher than the interlaminar composite strength. In addition, 
hierarchical features are proven to be highly effective at improving the fracture toughness and 
adhesion behaviour of the hybrid joint. Two conditions were established for macro surface 
features to be effective. Firstly, the micro surface roughness topology must be able to provide 
higher interface strength as compared to the bonding material. Secondly, the macro features 
must be able to create a deflected or wavy crack path that introduces mixed-mode crack 
growth and an increase of crack path length. Numerical modelling successfully captured the 
brittle adhesive fracture in the metal-metal joint and separately the two mechanisms of resin 
fracture and fibre bridging that occurred during fracture of the hybrid joint. Numerical 
analysis characterised the role of the crack deflection phenomenon in increasing joint 
performance for different macro surface features. Using the numerical model, the increase in 
crack length and change to mixed-mode crack growth were shown to make roughly equal 
contributions to increasing the fracture toughness of the hybrid bonded joint 
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Table 2: SLM process parameters 
Laser 
Power 
Layer 
Thicknes
s 
Scan 
Speed 
Energy 
Density 
Hatch 
Type 
Hatch 
Spacing 
Spot Size Chamber 
Temp 
175 W 30 μm 
710 
mm/s 
68.5 
J/mm3 
Checker-
board 
120 μm 80 μm 200°C 
 
Table 3: Material properties of VTM264(16), FM300-2K(17) and Ti-6Al-4V (15) 
VTM264 FM300-2K Ti-6Al-4V 
E11 (MPa) 120000 E (MPa) 2400 E (MPa) 110000 
E22 (MPa) 7500 G (MPa) 840 G (MPa) 42500 
E33 (MPa) 7500 ν 0.4 ν 0.32 
G12 (MPa) 3900 XT (MPa) 94.2   
G13 (MPa) 3900 S12 (MPa) 54.4   
G23 (MPa) 2300 GIc(kJ/m
2
) 1.3   
ν12 0.32 GIIc (kJ/m
2
) 5   
XT (MPa) 2459 tfilm (mm) 0.1   
ZT (MPa) 45     
S12 (MPa) 85     
tply (mm) 0.21     
 
Table 4: Experimental results for metal-metal joints: Average fracture toughness (kJ/m
2
) 
with standard deviation expressed as a tolerance.  
Plain 
Inward 
Dimpled 
Outward 
Dimpled 
Inward 
Grooved 
Outward 
Grooved 
Grit-blasted + 
Silane treatment 
(22) 
1.38  0.03 1.15  0.08 1.40  0.22 1.28  0.05 1.36  0.14 1.30 
 
Table 5: Cohesive law parameters used for adhesive brittle fracture 
Cohesive parameters 
Metal-Metal joint 
FM300-2K 
Strength     (MPa) 94.2
(1) 
Strength     (MPa) 54.4
(1)
 
Fracture toughness     (kJ/m
2
) 1.3
(1)
 
Fracture toughness     (kJ/m
2
) 5
(1)
 
Penalty Stiffness Kn (MPa) 96000
(2)
 
Penalty Stiffness Ks (MPa) 96000
(2)
 
(1) Manufacturer Data; (2): Calculated from literature and experimental data 
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Table 6: Cohesive parameters used for fracture in the composite involving fibre bridging 
Cohesive parameters 
Metal-Composite joint 
Resin Fracture Fibre Bridging 
Strength     (MPa) 42.2
(1)
 2.3
(1)
 
Strength     (MPa) 42.5
(2)
 42.5
(2)
 
Fracture toughness     (kJ/m
2
) 0.19
(1)
 1.0046
(1)
 
Fracture toughness     (kJ/m
2
) 1.032
(1)
 0.068
(1)
 
Penalty Stiffness Kn (MPa) 35700
(1)
 35700
(1)
 
Penalty Stiffness Ks (MPa) 35700
(1)
 35700
(1)
 
Opening Displacement  (mm) -- 6.6(1) 
Exponential alpha   -- 16(2) 
Power law coefficient 1.21
(2)
 1.21
(2)
 
 (1): Calculated from literature and experimental data; (2): Calibrated to fit with experimental data 
Table 7: Experimental results for metal-composite joints: Average fracture toughness (kJ/m
2
) 
with standard deviation expressed as a tolerance.  
Plain 
Inward 
Dimpled 
Outward 
Dimpled 
Inward 
Grooved 
Outward 
Grooved 
Composite-
Composite  (27) 
1.10  0.04 1.16  0.11 1.09  0.04 1.35  0.05 1.65  0.08 1.1 
 
Table 8: Breakdown the percentage of each contributing factors toward overall increase in 
adhesion for each crack path 
 
Combin
ed 
analysis 
(kJ/m
2
) 
Crack 
length 
analysis 
(kJ/m
2
) 
Combined 
increase (%) 
Contribution of 
crack length 
effect to overall 
increase (%) 
Contribution of 
mixed-mode 
effect to overall 
increase (%) 
Plain 1.202 1.202 -- -- -- 
Crack path 1 1.492 1.342 24 12 12 
Crack path 2 1.642 1.388 37 15 21 
Crack path 3 1.915 1.437 59 20 40 
Crack path 4 2.078 1.459 73 21 51 
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Figure 1: DCB specimen. (a) Overall dimensions. (b) Macro features 
 
(a) 
 
(b) 
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Figure 2: FE model. (a) Overall specimen schematic with close-up region at crack tip shown. 
(b) to (e) Close-up of (b) plain metal-metal joint,(c) inward grooved metal-metal joint,(d) 
plain metal-composite joint, and (e) outward grooved metal-composite joint. (f) Schematic of 
crack paths in outward grooved metal-composite joint. 
 
(a) 
  
 
                                (b) (c) 
  
 
                (d) (e) (f) 
 
  
Titanium Adherend  
FM300-2K Adhesive 
CFRP 
Adherend  CFRP Bridging 
VTA-260 Resin 
1 2 3 4 
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(a) (b) 
Figure 3: Adhesion properties of Ti-Ti joint (a) opening load versus displacement; (b) 
interlaminar fracture toughness 
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(a) (b) 
Figure 4: Metal-metal joints, typical experimental failure surface pair showing (a) adhesive 
(with imprint of carrier mesh), (b) carrier mesh with close-up region shown 
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(a) (b)  
 
(c) 
Figure 5: (a) Surface characteristic of SLM component; (b) Partially melted particle on SLM 
surface (adopted from Strano et al.
(26) 
); (c) Surface roughness profile  
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(a) (b) 
Figure 6: Plain specimens. (a) Opening load versus displacement. (b) Fracture toughness 
versus crack length. 
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Figure 7: (a) Plain metal-composite joint showing crack deflection into the composite 
adherend and fibre bridging behind the crack front. 
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(a) (b) (c) 
Figure 8: (a) Superposition of two cohesive laws. (b) Resin fracture linear cohesive law. (c) 
Fibre bridging exponential cohesive law. 
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(a) (b) 
Figure 9: Metal-composite joints experimental results. (a) Opening load versus 
displacement. (b) Steady-state fracture toughness. 
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(a) (b) 
Figure 10: Outward grooved joints. Experimental (Exp) and numerical (FE) results. (a) 
Opening load versus displacement. (b) Fracture toughness versus crack length. 
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(a) (b) 
Figure 11: Outward grooved joint, numerical analysis results for crack path 2 in comparison 
with plain joint. (a) Opening load versus displacement. (b) Fracture toughness versus crack 
length. 
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